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This study evaluates the modeling of diﬀerent base types under new jointed plain concrete pavements (JPCP) in the AASHTO Pave-
ment ME Design Guide. It was found that the Pavement ME overestimated the stress in JPCP for unbonded stabilized bases and gran-
ular bases and underestimated the stress for bonded stabilized bases when compared to other models. The error in stress estimation
results from modeling an unbonded base with a bonded-but-weightless base in the structural model, which is critical when the environ-
mental loading is predominant and/or the base is stiﬀ. Because the separation between layers that are not bonded cannot be accommo-
dated, the behavior of a granular base cannot be accurately reﬂected, especially not by an elastic continuum.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Pavement engineers use both granular and stabilized
bases when designing jointed plain concrete pavements
(JPCPs). Stabilized bases are frequently used, especially
for high volume roadways. The American Association of
State Highway Transportation Oﬃcials (AASHTO) Mech-
anistic Empirical Pavement Design Guide [1], now known
as the AASHTO Pavement ME Design Guide, was used
to evaluate the eﬀects of base type on cracking. Based on
3000 runs of the MEPDG Version 1.0 [2], it was found that
the Pavement ME almost always estimated lower trans-http://dx.doi.org/10.1016/j.ijprt.2016.07.001
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Peer review under responsibility of Chinese Society of Pavement
Engineering.verse cracking for JPCPs with a stabilized base. Fig. 1 is
representative of the result from [2], where higher cracking
was always obtained for a granular base than a cement sta-
bilized base, regardless if the stabilized base was bonded or
not.
However, there are jointed concrete pavements built on
stabilized bases that develop excessive cracking, and there
are also other JPCPs constructed on aggregate bases that
show minimal cracking [3]. In addition, the study per-
formed in [4] analyzed transverse cracking in JPCP sections
in the Long Term Pavement Performance (LTPP) SPS-2
program. No statistically signiﬁcant diﬀerence was found
between the aggregate bases, cement stabilized bases, and
asphalt treated bases, in terms of their eﬀect on the trans-
verse cracking of the JPCPs. More interestingly, for the
scenarios where the observed ﬁeld performance was actu-
ally better for JPCPs with aggregate bases, the Pavement
ME consistently predicted higher cracking.hosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Eﬀect of base type and bond on transverse cracking in MEPDG
Version 1.0.
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are accounted for in the structural model of the Pavement
ME is investigated to better understand the above discrep-
ancy and its cause so that the practitioners can be aware of
the limitations of the Pavement ME.
2. Mechanism of base eﬀecting transverse cracking of JPCP
In this section, the mechanism by which a base could
inﬂuence the stress in JPCP is discussed, which provides
the basis for evaluating the structural model used for the
bases in the Pavement ME. There are three main mecha-
nisms, as illustrated in Fig. 2, where a base layer can either
alleviate or enhance the stress.
1. When a stabilized base is bonded to a JPCP slab, the
overall stiﬀness of the slab is increased, which reduces
the ﬂexural stress under axle loads.
2. In addition to axle loading, stress also develops due to
restrained deformation of the slab or so called environ-
mental loading. A slab contracts/expands on its plane
when the ambient temperature or moisture decreases/
increases uniformly across the depth. Moreover, it alsoFig. 2. Mechanisms of base inﬂuhas the tendency to curl/warp in the presence of temper-
ature/moisture gradients. The deformation, when
restrained, will inﬂict tensile stress in the slab. Such
restraints mainly stem from the friction at the base/slab
interface, and are the most profound when the base and
the slab are bonded. A full bond means full friction, or
inﬁnite friction. However, the two concepts, bond and
friction, are not equivalent, because the bond deﬁnes
the relative displacement of two adjoining layers along
both the in-plane and perpendicular directions whereas
friction only describes the behavior along the in-plane
direction.
3. When a slab rests on an unbonded base and then curls/
warps, unsupported regions will form under the slab
starting from its edges. If an axle loading is applied at
this time, it will generate greater stress than when the
slab is fully supported. The larger the unsupported area,
the greater the stress. Provided the same curling/warp-
ing, it can be assumed that the unsupported region is lar-
ger for a stiﬀ base and smaller for a soft base. Therefore,
a granular base that has a smaller shear modulus can
have an advantage in reducing the stress in a slab.
It is important to realize that the contributions of each
of the mechanisms in Fig. 2 will vary depending on the
loading and bond conditions. With respect to the loading
condition, Mechanism 1 is inﬂuential only when the slab
is subjected to vehicle load, while Mechanisms 2 and 3
manifest themselves when environmental loadings are more
signiﬁcant. In terms of the bond condition, Mechanism 1 is
only inﬂuential when the base is bonded to the slab, while
the stress reduction due to Mechanism 3 is only eﬀective
when there is no bond. As for Mechanism 2, its eﬀect is
in proportion to the friction on top of the base.
One should also note that the mechanisms presented in
Fig. 2 does not include all possible mechanisms but only
the predominate mechanisms, which have the most signiﬁ-
cant eﬀect on the development of cracking in JPCP. For
example, although the erosion of a granular base can alsoencing stress in JPCP slabs.
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Mechanism 3, it is signiﬁcantly reduced by the use of dowel
bars which eﬀectively prevent diﬀerential deﬂections across
the joint. On the other hand, dowel bars do not eliminate
curling/warping, so the use of them does not diminish the
signiﬁcance of Mechanism 3. Similarly, the contribution
of a stabilized base in improving load transfer eﬃciency
is diminished when dowel bars are present. Some variant
mechanisms were also excluded from inclusion for simplic-
ity. For example, Mechanism 2 can also occur when cur-
ling/warping of the slab is restrained. Finally, it should
be noted that cement treated bases and asphalt treated
bases may behave diﬀerently, although they both fall
under the category of a stabilized base. The mechanisms
described in Fig. 2 are applicable to cement treated bases.
However, depending on the stiﬀness of the asphalt treated
base, its behavior may be described by the mechanisms in
Fig. 2 if it is relatively stiﬀ.3. Modeling of JPCP in Pavement ME
The Pavement ME models all JPCPs of diﬀerent struc-
tures using the same three-layer model shown in Fig. 3.
The top two layers (slab and base) are modeled as solid
plates. All layers beneath the base are simpliﬁed as a bed
of springs, also known as a Winkler foundation. The stiﬀ-
ness of the Winkler foundation is deﬁned by the composite
stiﬀness of the layers using the k-value.
The ISLAB 2000 [5] ﬁnite element software was used to
develop the stress estimation function in the Pavement ME.
ISLAB oﬀers three models, namely bonded, unbonded and
Totsky, for the interaction between a slab and its base.
Intuitively, a bonded model should enforce the same dis-
placement across the slab-base interface, while an
unbonded model should allow for separation. However,
when using the unbonded model in ISLAB, ‘‘the PCC slab
and the base layer have the same deﬂection basins (no sep-
aration is required to model)” [1]. Replacing an unbonded
base with a bonded one invokes artiﬁcial restraints to the
slab and thus results in a higher estimated stress due to
Mechanism 2. To mitigate the impact of the artiﬁcial
restraint, ISLAB assumes zero self-weight for the base. In
other words, an unbonded base is made equivalent to aFig. 3. Modeling of JPCP strbonded-but-weightless base. The basis for this equivalency
is that a bonded base exerts more restraint through altering
the stiﬀness matrix, but the weightless assumption also
reduces the restraint by reducing the friction term of the
equilibrium. Admittedly, the latter might counterbalance
the former under certain circumstances, but it would not
be of an equal amount under many others. For example,
when the base is stiﬀ, in which the addition of restraint
due to a stiﬀness change would supersede the reduction
of restraint due to zero weight. This would mean an over-
estimation of the stress for unbonded bases if there is a sig-
niﬁcant environmental loading and/or the base is stiﬀ.
Furthermore, the bonded-but-weightless assumption
also allows for no separation, which eliminates Mechanism
3. Actually, none of the three interface models in ISLAB
can accurately simulate the separation of layers, which is
only achievable through a 3-D ﬁnite element analysis.
The Totsky model oﬀers the closest approximation of real-
ity by using springs to link the two layers and assuming the
spring deformation represents the separation [5]. However,
it is diﬃcult to establish the spring stiﬀness that is the
imperative for the use of the Totsky model.
To summarize, there are two possible limitations in the
structural model for the base incorporated into the Pave-
ment ME. First, it possibly yields an inaccurate estimation
of stresses for unbonded bases, and second it seems
innately incapable to account for Mechanism 3 in Fig. 2.
In the next two sections, the validity of these ﬁndings is fur-
ther examined and their consequences are discussed.4. Evaluating the implementation of the mechanisms in
Pavement ME
Pavement ME (Version 2.1) cases were run to investi-
gate the implementation of the mechanisms. Three vari-
ables were considered when creating the cases, namely
base type (cement stabilized base CTB vs. granular base
GB), bond condition (full friction vs. no friction), as well
as climate (Pittsburgh, PA vs. Miami, FL). The other
inputs are summarized in Fig. 4.
In the Pavement ME beta versions, e.g. MEPDG Ver-
sion 1.0, the slab-base interaction was deﬁned by interface
‘‘bond” and its eﬀective duration. However, in the neweructures in Pavement ME.
Fig. 4. JPCP structure used in Pavement ME for investigating the eﬀect of
bases.
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replaced by ‘‘friction.” Although, as previously discussed,
the two concepts are diﬀerent, they are treated the same
in the context of modeling in the Pavement ME. That is
to say ‘‘full friction” and ‘‘full bond” both mean that there
is no slip at the interface between the two layers. The objec-
tive of using two weather stations was to vary the signiﬁ-
cance of the environmental load relative to the axle
loads. According to [6], the Miami station presents a smal-
ler eﬀective temperature gradient (DT) than the Pittsburgh
station, and hence it expectedly presents a smaller environ-
mental loading.
If the Pavement ME is able to accurately reﬂect the
mechanisms in Fig. 2, the following phenomenon should
be anticipated. First, when there is full friction, both Mech-
anisms 1 and 2 are active and the relative impact of Mech-
anism 2 increases as the environmental loading becomes
larger. Second, when full friction is changed to no friction,
Mechanisms 1 and 2 should be suppressed and Mechanism
3 becomes evident instead.
Fig. 5 presents the results for the runs, from which three
ﬁndings can be made. First, the JPCP on a GB in Miami
gained more damage when changing from full friction to
no friction (disengaging both Mechanisms 1 and 2), at least
for a low-modulus base. This implied that both Mecha-
nisms 1 and 2 were active in a full friction condition. One
should note that although it was unrealistic to assume full
friction for slabs on a GB, these scenarios were stillFig. 5. Damage estimations for the investigatmeaningful because they represent the performance of
low-modulus stabilized bases. For Miami, where the envi-
ronmental loading is relatively mild, the stress relief due
to disengaging Mechanism 2 was superseded by the stress
exacerbation due to disengaging Mechanism 1, resulting
in an overall increase in damage. For Pittsburgh, it was
the contrary. Together, the four runs for JPCPs on GBs
suggested that the Pavement ME is able to account for
the transfer between Mechanism 1 and 2, and the eﬀect
of Mechanism 2 becomes signiﬁcant when environmental
loadings are predominant.
Second, there is always more damage estimated for
JPCPs with a CTB (high-modulus base) when friction is
lost, regardless of the weather station. However, this is
believed to be the result of how the base is modeled rather
than reﬂective of the actual performance of JPCP. The stiﬀ-
ness of a CTB is so high that its eﬀect on increasing the
stress superseded the eﬀect of the weightless assumption
in decreasing the stress. Hence, the overall stress was over-
estimated for JPCPs with an unbonded CTB.
The last ﬁnding is that the JPCP with a GB outper-
formed the JPCP with a CTB when there was no friction
but a large DT (Pittsburgh). A question should be raised
on what caused this phenomenon, because neither Mecha-
nism 1 nor 2 should be active for no friction conditions and
moreover Pavement ME should not be able to account for
Mechanism 3. To further examine the issue in the next sec-
tion, the structural model used in Pavement ME was com-
pared to a 3-D ﬁnite element model that allows unbonded
bases to slip.5. Comparing Pavement ME model of bases with 3-D ﬁnite
element model
ISLAB 2005 and EverFE [7] were employed to compare
stress estimates for diﬀerent base types. ISLAB 2005 is an
updated version of ISLAB 2000 that was incorporated intoed JPCP structures using Pavement ME.
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element program that can model JPCP using more than
two layers of brick elements. It allows for separation
between unbound layers via the use of a tensionless inter-
face, which is a more realistic deﬁnition for unbonded
bases.
Both models included six slabs that were 200 mm (8 in)
thick and 3.6 m (12 ft) wide. In order to manifest the eﬀect
of Mechanism 3, a long joint spacing of 5.7 m (19 ft) was
chosen. The base thickness was maintained at 150 mm
(6 in) for each of the three base types, namely bonded sta-
bilized base (BSB), unbonded stabilized base (USB) and
granular base that was always unbonded. The elastic/resili-
ent modulus was assumed to be 6.9 GPa (1 million psi),
6.9 GPa, and 0.14 GPa (20,000 psi) for the three types of
bases, respectively. The k-value of the subgrade is
27 kPa/mm (100 psi/in).
Two loading scenarios were evaluated. In the ﬁrst, the
slabs were only subjected to small and large linear temper-
ature gradients, i.e. 0.044 C/mm (2 F/in) and
0.088 C/mm (4 F/in). The slab curls upward in the
presence of negative gradients and tensile stress develops
due to the self-weight of the slabs contributing to top-
down cracking. The focus was on the negative gradients
since the top-down cracking tends to be more prevalent
in JPCPs due to the contribution of warping. The second
scenario involved the addition of two 80-kN (18-kip) single
axles, one at each end of the upwardly curled slab, also
causing top-down cracking. For both scenarios, the critical
stress is located at the top and mid edge of the slab, and
their magnitude is summarized in Table 1.
ISLAB consistently estimated smaller stresses in the
slabs on a BSB than an USB. However, EverFE nearly
always estimated greater stresses in the slabs on a BSB,
except when the axle loading was predominant (axle load-
ing & small DT scenario). Based on this observation,
EverFE seems more capable of accounting for the transi-
tion between Mechanisms 1 and 2 as a function of the load-
ing conditions.
In Table 1, the results obtained using ISLAB was a
decent approximation (less than 10% diﬀerent) of those
obtained using EverFE until the environmental loading
became dominant. In these scenarios, ISLAB underesti-
mated the stress for slabs on an USB by approximately
15–30% relative to EverFE, and overestimated the stress
for slabs on a BSB by up to 30%. If shorter joints were
to be used, a smaller error in the predicted stress could
be expected because of the reduced impact resulting from
the environmental loading. Nevertheless, it would not
reverse the observed trend.
At last, no signiﬁcant diﬀerence was found between the
stress predicted for the slab on an USB and a slab on a GB
based on the results from both the ISLAB or EverFE anal-
yses. Since Mechanism 3 should have been active for the
unbonded bases analyzed using EverFE, this ﬁnding seems
to suggest that the eﬀect of Mechanism 3 was insigniﬁcant.
However, one should realize that EverFE, similar to
Table 2
Critical Stress from EverFE after combining GB into of the Winkler foundation.
Stress (kPa)nbase model DT = 0.044 C/mm DT = 0.088 C/mm
Winkler springs Solid plate Winkler springs Solid plate
Only DT 1,240 1,102 2,225 1,605
Axle loading & DT 1,929 1,915 3,238 3,059
(Axle loading & DT)/(Only DT) 156% 174% 146% 191%
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have underestimated the deformability of a GB under
shear. One way to increase the eﬀect of Mechanism 3 is
to simulate the GB using springs, or in other words to con-
vert the GB into a Winkler foundation. The Portland
Cement Association (PCA) method [8] was used to deter-
mine the composite k-value after combining the stiﬀness
of the GB and the subgrade. While the stiﬀness of the sub-
grade was 27 kPa/mm (100 psi/in) a composite stiﬀness of
38 kPa/mm (140 psi/in) was determined. The intention of
Table 2 is to show the addition of stress when superimpos-
ing the axle load and the environmental load. It can be seen
that the Winkler foundation is less sensitive to the superim-
position, which implies a better capture of Mechanism 3.
However, it is diﬃcult to accurately determine the compos-
ite k-value that is imperative in using the Winkler springs
for modeling the base. In Table 2, it is obvious that the
Winkler foundation was always associated with greater
stress and the diﬀerence was quite large when there was
only an environmental load. This may simply be due to
an underestimated composite k-value.
To summarize this section, the Pavement ME was found
to overvalue the BSB and undervalue USB in controlling
cracking when the environmental load was dominant. As
a matter of fact, according to the EverFE results, the ben-
eﬁt of a BSB over an USB was marginal even when the axle
loading was predominant. When there was no bond, both
the ISLAB and EverFE results indicated little diﬀerence
between the response of an USB and a GB. However,
one should note that neither program could eﬃcaciously
account for Mechanism 3. Therefore, it is possible that a
JPCP on a GB might outperform a JPCP on an USB or
a BSB when the environmental load is relatively high.
6. Conclusions
In this study, the modeling of diﬀerent base types in the
AASHTO Pavement ME Design Guide was evaluated in
terms of predicting the transverse cracking for the JPCPs.
The main mechanisms through which a base can aﬀect
cracking are ﬁrst discussed and the implementation of them
in the Pavement ME was then investigated. The primary
limitation of the base model used is that an unbonded base
is modeled as a bonded but weightless base. The conse-
quence is that it overestimates the stress for unbondedbases and underestimates the stress for bonded bases, when
the environmental loadings are signiﬁcant.
Another limitation of the base model is that it is unable
to allow for the separation between unbound layers. This
can be important because an advantage of the granular
base is that it can provide a more uniform support beneath
a curled/warped slab, thus reducing the stress that devel-
ops. However, this advantage cannot be accounted for
since the granular base is modeled as continuum. For most
highway applications where axle loadings are more signiﬁ-
cant, the error in the estimation of the stress is still likely to
be acceptable. The calibration process also helps diminish
the signiﬁcance of inaccurately estimating the stress. In this
sense, the ﬁndings from this research do not suggest an
urgent need to modify the base model used in the Pavement
ME.
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